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With the aim of preparing a light-stable  rhodopsin- 
like pigment, an analog, 11, of 11-cis retinal  was  syn- 
thesized  in  which  isomerization of the C11-C12 cis-dou- 
ble bond is blocked by a  cyclohexene ring  built  around 
the Clo to C13-methyl. The  analog I1 formed a rhodop- 
sin-like pigment (rhodopsin-11) with opsin  expressed 
in COS-1 cells and  with opsin from  rod  outer  segments. 
The  rate of rhodopsin-I1  formation  from I1 and opsin 
was -10 times  slower than  that of rhodopsin  from 11- 
cis retinal  and opsin. After solubilization in dodecyl 
maltoside and immunoaffinity  purification,  rhodopsin- 
I1 displayed an absorbance  ratio (A280 ,,JA612 ,) of 1.6, 
virtually  identical  with that of rhodopsin. Acid dena- 
turation of rhodopsin-I1  formed a chromophore with 
X,. 462 nm, characteristic of protonated  retinyl 
Schiff base. The  ground  state  properties of rhodopsin- 
I1 were similar to those of rhodopsin in extinction 
coefficient (41,200 M” cm”) and opsin-shift (2600 
cm”). Rhodopsin-I1 was stable to hydroxylamine in 
the  dark, while  light-dependent  bleaching by hydrox- 
ylamine  was lowed by -2 orders of magnitude  relative 
to rhodopsin. Illumination of rhodopsin-I1 for 10 s 
caused -3 nm blue-shift  and 3% loss of visible  absorb- 
ance.  Prolonged  illumination  caused a maximal blue- 
shift up to -20 nm and -40% loss of visible  absorbance. 
An apparent photochemical  steady state  was  reached 
after 12 min of illumination.  Subsequent  acid denatur- 
ation indicated that  the  retinyl Schiff base  linkage  was 
intact. A red-shift (-12 nm) in X,, and a 45% recovery 
of visible absorbance  was  observed  after  returning  the 
12-min illuminated  pigment to  darkness. Rhodopsin-I1 
showed marginal light-dependent transducin activa- 
tion  and phosphorylation by rhodopsin  kinase. 
Rhodopsin is the photoreceptor of vertebrate rod cells. 
Bovine rhodopsin consists of a single polypeptide chain of 
348 amino acids whose primary sequence has been elucidated 
(1-3). The protein  contains seven putative  transmembrane a- 
helical segments, and  the chromophore, ll-cis retinal (I, Fig. 
1) is covalently linked to Lys-296 via a  protonated Schiff base 
(4, 5). Light causes 11-cis to  all-trans isomerization resulting 
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FIG. 1. Structures of 11-cis retinal, I, and the cyclohexa- 
trienylidene retinal analog, 11. Retinal analog I1 was synthesized 
as described under  “Experimental  Procedures.” 
in the formation of a series of photointermediates  (6). One of 
the intermediates, metarhodopsin 11, activates the guanine 
nucleotide binding protein  (G-protein)’  transducin,  culminat- 
ing in  transmission of an electrical signal to the optic nerve 
(7, 8). 
Structural information  on rhodopsin is extremely limited 
(8) and, therefore, x-ray diffraction analysis would be very 
desirable (9, 10).  A  light-stable rhodopsin analog would  offer 
important advantages in  these studies. Light stability could 
be achieved by using retinal analogs for reconstituting  rho- 
dopsin-like pigments that cannot undergo 11-cis to all-trans 
isomerization. Nakanishi and co-workers (11) have intro- 
duced a general method for restricting cis + trans isomeriza- 
tion  in retinal analogs when they  are bound to opsin. This is 
accomplished by constructing  a carbocyclic ring of which the 
C11-C12 cis-double bond forms  a part.  In two examples of such 
work, retinal analogs were prepared where the 11-cis config- 
uration is maintained by formation of a cycloheptene or 
cyclopentene ring (11, 12). While these analogs were used 
successfully to reconstitute the corresponding rhodopsin an- 
alogs, the  latter were unstable. Thus, hydroxylamine caused 
bleaching in the dark, and, furthermore,  they were unstable 
in  detergent  solution (11, 13). 
In  attempts  to prepare  a  stable rhodopsin analog, we syn- 
thesized a retinal analog, 11, restricted in isomerization as 
~ 
The abbreviations  used are: G-protein,  guanine nucleotide bind- 
ing  protein; ROS, rod outer  segments; rho-I, opsin  reconstituted with 
11-cis retinal, I; rho-11, opsin reconstituted with retinal analog 11; 
bR, bacteriorhodopsin; DM, n-dodecyl-P-D-maltoside; PSB, proto- 
nated Schiff base; SDS, sodium dodecyl sulfate; PAGE, polyacryl- 
amide gel electrophoresis; EGTA, [ethylenebis(oxyethylenenitrilo)] 
tetraacetic acid. 
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FIG. 3. UV/visible absorption spectra of rhodopsin-11. Opsin 
was  reconstituted with I or 11, solubilized in dodecyl maltoside, and 
purified by immunoaffinity adsorption as described under  “Experi- 
mental Procedures.” Spectra of rho-I (broken  line) and  rho-I1 (con- 
tinuous line) in the  dark  are shown. The  corresponding  absorption 
maxima  are indicated by arrows. 
shown in Fig. 1. This analog efficiently reconstituted bovine 
opsin expressed in COS-1 cells as well as opsin from bovine 
rod outer segments (ROS). 
In  this paper, we report the characterization and properties 
of rhodopsin-I1 (rho-11), prepared by reconstitution of opsin 
with retinal analog 11, and compare them with those of 
rhodopsin-I (rho-I), prepared by reconstitution of opsin with 
11-cis retinal, I. While rho-I1 was much more resistant to 
light than  rho-I,  it was not completely light-stable. 
EXPERIMENTAL PROCEDURES* 
RESULTS 
Rhodopsin-11 
Formation and Purification of Rhodopsin-11-A primary 
consideration toward the preparation of rho-I1 was the source 
of opsin to be reconstituted. Since quantitative removal of 
retinal from ROS rhodopsin is often difficult, the use of opsin 
derived from expression of the synthetic bovine opsin gene in 
COS-1 cells was preferred. This preparation of opsin, which 
had not been exposed to retinal, was used in chromophore 
generation with retinal I and  the analog 11. 
After reconstitution of opsin with I and 11, the pigments 
were solubilized in dodecyl maltoside (DM) and purified by 
immunoaffinity adsorption (16). As shown in Fig. 3, opsin 
reconstituted with I (rho-I) showed the characteristic rhodop- 
sin chromophore (X,, 500 nm).  A 12 nm red-shifted chro- 
mophore, relative to rho-I, was formed upon reaction of opsin 
with I1 (rho-11). The presence of a more prominent  @-band 
(Xmax, 340 nm) is also evident  in rho-11. This is presumably 
due  to  enhanced  interactions between I1 and aromatic  amino 
acid residues in the retinal binding pocket. The  rate of for- 
mation of rho-I1 from I1 was -10 times slower than  the  rate 
of formation of rho-I from I. The kinetics of the decrease in 
absorbance at -390 nm were identical with the increase in 
absorbance at  -512 nm. A single isosbestic point a t  430 nm 
was observed, suggesting that only two components viz. free 
retinal analog I1 and covalently linked chromophore, were 
present in the reconstitution mixture. 
The purity of rho-I  and rho-I1 was estimated by comparing 
the absorbance of the peaks  in the UV and visible regions. 
The ratios of absorbance at  280 nm to 500 or 512 nm were 
1.6, a value characteristic of purified bovine rhodopsin (30). 
Addition of I to preformed rho-I1 showed no increase in  the 
* Portions of this  paper  (including  “Experimental  Procedures,”  part 
of “Results,” Scheme 1, and Fig. 2) are  presented  in  miniprint a t   the  
end of this  paper.  Miniprint  is easily read  with  the aid of a standard 
magnifying glass. Full  size  photocopies are included in  the microfilm 
edition of the  Journal  that  is available  from  Waverly Press. 
visible absorbance (data not  shown) and examination by SDS- 
PAGE and silver staining did not show any  traces of contam- 
inating  proteins (Fig. 4). The amount of phospholipid remain- 
ing after immunoaffinity purification was found to be <1 mol/ 
mol  of rhodopsin. We conclude that analog I1 quantitatively 
forms a rhodopsin-like chromophore with opsin that is stable 
to solubilization in DM, delipidation, and immunoaffinity 
purification. 
Characterization of the Schiff Base Linkage in Rhodopsin- 
II-The Schiff base linkage in  rho-I1 was characterized by 
denaturation with acid or SDS. A species with a X,,, at 440 
nm was obtained upon acid denaturation of rho-I (Fig. 5, 
upper panel), which is characteristic of a  protonated retinyl 
Schiff base linkage in  denatured rhodopsin (32). A  12 nm red- 
shifted species (X,, 452 nm), relative to rho-I, was obtained 
upon acid denaturation of rho-I1 (Fig. 5, lower panel). Iden- 
tical  results were obtained upon denaturation with SDS. The 
molar extinction coefficient and opsin shift for rho-I1 are 
41,200 M” cm” and 2600 cm”, respectively, which is similar 
to values observed with rho-I ( 6 ,  40,600 M” cm”, 2650 cm” 
opsin-shift) (33, 34). 
The stability of the Schiff base in  rho-I1 toward hydroxyl- 
amine was also studied. Like rho-I, rho-I1 was completely 
stable toward neutral hydroxylamine in the dark. Under 
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FIG. 4. Characterization of purified rhodopsin-11. Immu- 
noaffinity-purified pigments (1 pg) were subjected to  SDS-PAGE  and 
visualized by silver staining  as described under  “Experimental  Pro- 
cedures.” Lane 1, ROS opsin; lane 2, ROS rhodopsin; lune 3, rho-I 
reconstituted  from  ROS  opsin  and I; lane 4, rho-I1  reconstituted from 
ROS  opsin  and 11; lune 5, COS-1 cell opsin; lane 6,  rho-I  reconstituted 
from COS-1 cell opsin  and I; lane 7, rho-I1  reconstituted from COS- 
1 cell opsin  and 11. The glycosylation pattern of COS-1 cell opsin 
contributes to  the  apparent molecular  weight  heterogeneity  observed 
on  SDS-PAGE (31). Molecular  weight markers  are shown on  the left. 
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FIG. 5. Acid denaturation of rhodopsin-11. Rho-I (upper 
panel) and  rho-I1 (lowerpanel) were denatured  in  the  dark by addltlon 
of 2 N H?S04  to a  final pH of 1.9. The  resulting  absorption  spectra 
are shown by broken  lines. 
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steady illumination (>495 nm),  rho-I was quantitatively 
bleached by hydroxylamine within 10 s to form a 360 nm 
species. In contrast, complete bleaching of rho-I1 by hydrox- 
ylamine required >12.5 min of illumination (Fig. 6A). The 
reaction proceeded through a single isosbestic point (410 nm), 
implying the existence of only two species during the course 
of the reaction. Kinetic analysis of the light-dependent 
bleaching of rho-I1 by hydroxylamine showed that  the loss of 
the 512 nm chromophore and formation of the -360 nm 
species had virtually identical rate  constants (-0.006 s-') (Fig. 
6B). 
When a partially regenerated preparation of rho-I1 was 
incubated with a slight excess of I, an increase in visible 
absorbance was observed. Upon illumination (>495 nm) for 
10 s, only the chromophore corresponding to  the protonated 
Schiff base (PSB) of I was quantitatively bleached, while the 
chromophore due to  I1 was stable  under the above conditions 
(data not shown). These findings indicate that  the  PSB with 
I1 is not readily displaced by I. Taken together, these  results 
demonstrate that I1 adopts a structure similar to  that of I 
when bound to opsin, although the Schiff base linkage in  rho- 
I1 is considerably more stable. 
Photochemical Behavior of Rhodopsin-II 
In rho-I, the 500 nm chromophore was quantitatively con- 
verted to a 380 nm species upon illumination (>495 nm) for 
10 s at 20 "C (Fig. 7, upper panel). Under identical illumina- 
tion conditions, rho-I1 showed only a -3 nm blue-shift in Xmax 
and -3% decrease in visible absorbance (Fig. 7, lower panel). 
Further illumination caused a gradual blue-shift in X,, (up 
to -20 nm) with a concomitant decrease in visible absorbance 
up  to -40%. The appearance of a very broad absorption band 
between -310 and -475 nm was apparent. No isosbestic point 
was observed, suggesting the formation of multiple species, 
0.0701 A 
Wavelength (nm) 
0.05  0.05 
6 
0 a l " s ' * -  
0 200 400 600 000 
0 
\."* 
Illumination Time (sec)  
FIG. 6. Stability of rhodopsin-I1 toward hydroxylamine. A, 
time course of the light-dependent reaction of rho-I1 with hydroxyl- 
amine. After addition of hydroxylamine (100 mM, pH 7.0), the pig- 
ments were illuminated at >495  nm for the indicated time periods at 
20 "C. B, kinetics of chromophore bleaching of rho-I1 upon incubation 
with hydroxylamine under steady illumination. Loss of the -512 nm 
chromophore (0) and formation of the -361 nm species (0) have the 
same rate constant (-0.006 s-'). 
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FIG. 7. UV/visible  absorption  spectra of rhodopsin-I1 in the 
d a r k  and on  continuous  illumination.  Rho-I (upper panel) and 
rho-I1 (lower panel) were illuminated (>495 nm) for the indicated 
time periods at 20 "C until no further spectral changes were  observed. 
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FIG. 8. Characterization of "light-saturated'' rhodopsin-11. 
Spectra of rho-I1 before (continuous line) and after (broken line) 12 
min of continuous illumination (>495 nm). Upper panel, the illumi- 
nated pigment was denatured by addition of 2 N HzSOl to a  final pH 
of  1.9 (dotted  line). Lowerpanel, the illuminatedpigment was returned 
to darkness for 48 h at 20 "C (dotted line). 
possibly due to isomerization at  double bond(s) other  than 
the C11-C12 ene. Photochemical changes were apparent on 
illumination up to a total time of 12 min. We have therefore 
defined an illumination time of 12 min as "saturating illumi- 
nation" and used this period for comparing the light sensitiv- 
ities of other rhodopsin analogs. Similar light sensitivity was 
observed upon illumination of ROS opsin reconstituted with 
11. The presence of a Schiff base in this "light-saturated" 
pigment was examined by acid denaturation. The formation 
of a species with a Xmax -450 nm was observed (Fig. 8, upper 
panel). Further, if the light-saturated pigment was returned 
to dark for -48 h ("dark adaptation"), a 12-nm red-shift in 
X, and a partial recovery (-45%) of visible absorbance was 
evident (Fig. 8, lower panel). Thus, prolonged illumination of 
rho-I1 does not result in hydrolysis of the Schiff base linkage 
between opsin and 11. 
Rhodopsin-II Activates Transducin and 
Undergoes Phosphorylation 
Transducin Activation-Activation of transducin by rho-I1 
was examined by the light-dependent hydrolysis of GTP. 
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Determination of the specific activities revealed that  rho-I1 
prepared from either  COS-1 cell opsin or  ROS opsin exhibited 
GTPase  activity -5-10% relative to  ROS rhodopsin (Table 
I). Opsin from either source did not show any detectable 
activity. 
Phosphorylation by Rhodopsin Kinase-Kinetic analysis of 
the  light-dependent  phosphorylation of rho-I1 by rhodopsin 
kinase showed that  rho-I1 was maximally phosphorylated a t  
a level of 0.8 mol of phosphate/mol of pigment  in 1 h a t  20 “C 
(Fig. 9A). The level of phosphorylation  in  the  ROS rhodopsin 
and  rho-I  samples  under  the  same  conditions were 3.6 and 
3.0 mol  of phosphate/mol of pigment, respectively. In agree- 
ment with the  transducin  activation  results,  the level of light- 
dependent  phosphorylation observed with rho-I1 was -10% 
relative to  that of ROS rhodopsin. An autoradiograph of the 
phosphorylated  pigments is presented  in Fig. 9B. These re- 
sults  demonstrate  that  rho-I1 shows  limited  activity. 
DISCUSSION 
In  the preceding paper  (35), we described the  preparation 
of a  light-insensitive  bacteriorhodopsin (bR)-like  pigment by 
reconstituting bacterio-opsin  with  a retinal  analog  in which 
the  Cln-C14  trans-double  bond is blocked from isomerization. 
In the present work, we have used a similar approach to 
prepare a light-stable rhodopsin-like pigment. Opsin prepared 
by expression of a synthetic gene in COS-1 cells has been 
reconstituted with  a retinal  analog where the 11-cis configu- 
ration is maintained by inclusion of the CII-C12 cis-double 
bond in  a cyclohexene ring (Fig. 1). 
The  main concern  in the  present work was the selection of 
an  analog of retinal  that would reconstitute  opsin efficiently 
to  form a  chromophore that would be stable  both  in  the  dark 
and  in light. Nakanishi  and co-workers (11) described  a num- 
ber of nonisomerizable  analogs of 11-cis retinal in  which the 
Cll-CI2 cis-double bond formed  a part of a carbocyclic ring. 
One  such analog contained a  cycloheptene (ret-7)  ring while 
another a cyclopentene (ret-5)  ring (11, 12). The  pigments, 
Rh7  and Rh5,  formed  from these analogs,  respectively, were 
deficient in several ground state properties of rhodopsin. 
Thus,  they bleached  in the presence of hydroxylamine in  the 
dark  and were unstable in detergent solution (11, 13). Fur- 
thermore, both Rh7 and Rh5 exhibited markedly reduced 
TABLE I 
Transducin activation as measured by GTP hydrolysis 
GTP hydrolysis was measured as described under  “Experimental 
Procedures.” 
Specific activity* 
Light Dark 
mol ”Pi released/rnol rho/ 
rnin 
Sample” Activation‘ 
% 
ROS rhodopsin 24.0 f 1.3  1.0 f 0.5 100 
ROS rho-I 20.0 f 1.6 1.0 f 0.5 82 
ROS rho-I1 2.2 f 0.3 1.0 f 0.5 5 
ROS opsin 
COS-1 cell rho-I 
0.3 f 0.1 1.1 f 0.7 
22 f 0.8 0.9 f 0.4 93 
COS-1 cell rho-I1 3.3 f 0.3 0.9 f 0.5 10 
COS-1 cell opsin 0.6 f 0.2  1.0 f 0.7 - 
- 
” The  amount of pigment assayed was based  on the molar extinction 
coefficient. The extinction coefficient of opsin was assumed to be 
Each  value is  the average of four independent  determinations f 
standard deviation. The reaction rate for the hydrolysis of GTP in 
the light and  the  dark was plotted  as a function of the  amount of 
pigment used in the assay. The specific activities were calculated 
from the slope of the lines. 
‘The values were normalized to the activity of purified ROS 
rhodopsin. 
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FIG. 9. Rhodopsin  kinase-catalyzed  phosphorylation of rho- 
dopsin-11. A, time course of rhodopsin  kinase-catalyzed  phosphoryl- 
ation. Light-dependent phosphorylation by rhodopsin kinase was 
performed as described under  “Experimental Procedures.” Aliquots 
from the  reactions were removed at   the indicated time periods, and 
the  stoichiometry of ‘”P incorporation was determined. 0, ROS 
rhodopsin; 0, rho-I reconstituted from ROS opsin and I; V, rho-I 
reconstituted from COS-1 cell opsin and I; A, rho-I1 reconstituted 
from ROS opsin and 11; A, rho-I1 reconstituted from COS-1 cell 
opsin and 11; 0, ROS opsin; W, COS-1 cell opsin; - -, dark controls. 
B,  autoradiograph of the  phosphorylated pigments.  Aliquots from the 
phosphorylation  reactions were removed after 60 min and analyzed 
by 10% reducing SDS-PAGE and autoradiography. Lane I, ROS 
opsin; lane 2, ROS rhodopsin;  lane 3, rho-I  reconstituted from ROS 
opsin and  I;  lane 4, rho-I1  reconstituted from ROS opsin and 11; lane 
5, COS-1 cell opsin; lane 6, rho-I  reconstituted from COS-1 cell opsin 
and  I; lane 7, rho-I1  reconstituted from COS-1 cell opsin and 11. The 
glycosylation pattern of COS-1 cell opsin contributes  to  the  apparent 
molecular weight heterogeneity observed on SDS-PAGE (31). The 
higher molecular weight phosphorylated species present in all the 
lanes  correspond to proteins which co-purify  with  rhodopsin  kinase. 
Molecular  weight markers  are shown on  the left. 
opsin shifts (1950 and 1350 cm”, respectively) relative to 
rho-I (2650 cm”).  Thus,  both  Rh7  and  Rh5 showed consid- 
erable  perturbation in their  structures. 
In order to prepare a stable rhodopsin-like pigment, we 
have synthesized an analog in which the  ClI-C12 cis-double 
bond  is a part of a  cyclohexene ring (11, Fig. 1 and  Scheme 
1). Although the  rate of formation of the  rho-I1 chromophore 
from  opsin and I1 was -10 times slower than  the  formation 
of rho-I  with  I,  reconstitution of rho-I1 was quantitative (Fig. 
3).  This was so both when the opsin from the  synthetic gene 
or from ROS were used. The  spectral  characteristics of the 
pigment from the two  sources were identical. The  extinction 
coefficient (41,200 M” cm”)  and  opsin-shift (2600 cm”) of 
rho-I1  are very similar  to  those of rho-I ( e ,  40,600 “I cm”; 
opsin shift 2650 cm”). In the dark, both rho-I and rho-I1 
were completely stable  toward hydroxylamine. In  the presence 
of light,  the  rate of hydroxylamine bleaching of rho-I1 was 
>75 times slower than  that of rho-I (Fig.  6). The similarities 
in these ground state properties between rho-I and rho-I1 
suggest that I1 adopts a structure  that  cannot be very different 
from I when bound  to opsin. 
As was  expected, rho-I1 was far more light-resistant  than 
rho-I. Nevertheless, rho-I1 did not show complete stability  to 
light.  Upon illumination,  rho-I1 showed photochemical 
changes  up  to a  period of about 12  min (Fig. 7),  there being 
no change upon further illumination. Dark adaptation of 
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“light-saturated” rho-I1 resulted  in  a partial recovery of the 
“lost” visible absorbance while acid denaturation yielded a 
species with a Amax -450 nm (Fig. 8). These findings suggest 
that  the Schiff base linkage between opsin and I1 was pre- 
served upon continuous illumination and  that  the observed 
blue  shift  in X,,, and loss of visible absorbance was not due 
to cleavage of I1 from the protein. It appears that  the cyclo- 
hexene ring which maintains the C11-C12 double bond in  a cis 
configuration is still capable of interacting with light to cause 
deformation or bending around the unblocked polyene double 
bonds and/or rotation around single bonds. Liu et al. (36) 
have proposed a model  for the isomerization process based on 
a concerted rotation of the Clo-CI1 single bond and isomeri- 
zation of the Cll-C12 cis-double bond. 
Rho-I1 was able to activate  transducin and undergo rho- 
dopsin kinase catalyzed phosphorylation to -10% of the 
extent of ROS rhodopsin (Table I, Fig. 9). Presumably, rho- 
I1 is still able to undergo a light-induced conformational 
change although to a much reduced extent.  Thus, a “meta- 
rhodopsin I1 like” conformation may be generated upon in- 
teraction of rho-I1  with light, which will bind and activate 
transducin. Similarly, this  structure will  allow phosphoryla- 
tion of  rho-11. 
Recently, DeGrip and co-workers (29) independently re- 
ported the reconstitution of rho-I1  and its thermal  and pho- 
tochemical properties. They indicated a similar opsin shift 
(2660 cm”) for their preparation, but a significantly lower 
extinction coefficient (34,200 ”’ cm-’). Their preparation of 
rho-I1 also showed limited signal transduction capacity. 
The present  results show that  the use of analog I1 does not 
yield a completely light-stable rhodopsin. It is possible that a 
light-stable rhodopsin may  be obtained by alternative  manip- 
ulation of 11-cis retinal. However, as reported  in the following 
paper (37), the objective has been achieved by the use of 
retinal analog I1 and a  suitable  amino acid substitution  mu- 
tant of the opsin. The light-stable rhodopsin analogs now 
prepared should be useful for a variety of structural studies, 
as well as for crystallization of rhodopsin. 
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